of ammonium sulfate fractionation, ion-exchange chromatography, Con-A affinity chromatography, and Sephacryl S-200 HR column chromatography (Sun et al. 2007 ). However, this method is time-consuming and labor intensive. Therefore, we have developed a new rapid and simple miraculin purification method (Duhita et al. 2009; Duhita et al. 2011 ). This method involves using the His residues in the miraculin protein as a tag for nickel-immobilized affinity chromatography and ionexchange chromatography, which enables us to obtain highly purified and undenatured miraculin.
A high concentration of the target protein in the source material improves the recovery rate of miraculin during purification. Increasing the level of miraculin accumulation could improve the rate of recovery of recombinant miraculin from transgenic tomato fruit.
Many cultivation techniques are used around the world to cultivate tomatoes and produce high-quality fruit. Cultivation under salt stress using a hydroponic system, such as the nutrient film technique (NFT), was developed in Japan and northern Europe to produce high-quality tomato fruits (Adams 1991; Saito et al. 2008) . Salt-stress conditions decrease the yield of tomatoes, producing a harvest with fewer, and smaller fruit (Adams and Ho 1989; Krauss et al. 2006; Saito et al. 2008; Willumsen et al. 1996) . Several investigations have shown that salt stress enhances some qualities of tomato fruit, such as the sugar (De Pascale et al. 2001; Petersen et al. 1998; Yin et al. 2010) , carotenoid (De Pascale et al. 2001 ; Krauss et al. 2006) , total soluble protein (Krauss et al. 2006) , and lycopene (Kubota et al. 2006) content. The greater content of these components are partly due to the enrichment effect associated with the decreased size of tomato fruit produced under salt stress. The relationship between the recombinant protein content and the cultivation of transgenic tomatoes under salt stress is unclear.
In this study, we report that salt-stress cultivation techniques are useful for increasing the miraculin concentration of transgenic tomato fruit, and we demonstrate that these miraculin-enriched tomato fruits have a higher rate of recovery of recombinant miraculin.
Materials and methods

Miraculin-accumulating transgenic tomato
The transgenic tomato lines 56B and 5B (upright type, cv. "Moneymaker"), which contain the miraculin gene (AB512278) driven by the CaMV 35S promoter-nos terminator cassette in the pBI121 vector and accumulate high concentrations of miraculin in the entire plant, have previously been produced and evaluated for their miraculin contents (Sun et al. 2007; Yano et al. 2010) . The seeds of transgenic tomatoes and non-transgenic wild-type (WT) tomatoes were germinated on Petri dishes covered with moist filter paper at 25°C with a 16 h light/8 h dark cycle. Seven days after sowing, the seedlings were transplanted to rock wool cubes (5 cmϫ5 cmϫ5 cm) and grown in a closed cultivation system (Nae Terasu) developed by Taiyo Kogyo Co., Ltd (Tokyo, Japan). This system supplies a nutrient solution to seedlings by using an ebb-and-flood system. 
Cultivation under salt stress
In the netted greenhouse, the tomato seedlings were watered using an NFT system. Otsuka-A nutrient solution, which was adjusted to an electrical conductivity (EC) of 2 dS m Ϫ1 (equivalent to 0 mM NaCl), was used for watering until the anthesis of the first truss. After flowering, cultivation under salt stress was started. The EC of the nutrient solution was adjusted to 10 and 5 dS m Ϫ1 (equivalent to 100 and 50 mM NaCl) by adding NaCl to the salt-stress medium, whereas the EC for the control medium was maintained at 2 dS m Ϫ1 until the time of harvest. After initiating the salt-stress conditions, the EC value was adjusted by the addition of Otsuka-A nutrient every week. The tomatoes were pruned, leaving three leaves above the third flower truss and maintaining five pieces of fruit per truss. The axillary buds were removed during the experiment. Sixty days after flowering, mature red fruit was harvested once every other day. The harvest was classified to separate marketable from unmarketable fruit (based on identification of blossom-end rot), and marketable fruit was weighed.
Protein extraction, Western blot analysis and enzyme-linked immunosorbent assay
Miraculin accumulation was determined by Western blot analysis and an enzyme-linked immunosorbent assay (ELISA). The harvested fruit was ground to a fine powder in liquid nitrogen, and 100 mg of this powder was homogenized in 200 mL of an extraction buffer that consisted of 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and 2% polyvinylpolypyrrolidone (PVPP). The extracts were centrifuged at 15,000 rpm for 20 min at 4°C, and the resulting supernatant was used for the immunoblot analyses and the ELISA. The extracted proteins (1 mg fresh weight equivalent per lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto Hybond-P polyvinylidene fluoride membranes (GE Healthcare Ltd., Amersham, Buckinghamshire, U.K.). The blots were incubated with affinity-purified antimiraculin antibody (Sun et al. 2007 ), followed by anti-rabbit immunoglobulin G (IgG) coupled to horseradish peroxidase. Immunoreactive signals were detected using a Peroxidase Stain Kit for Immunoblotting (Nacalai Tesque, INC. Kyoto, Japan), according to the manufacturer's instructions. The concentration of miraculin was determined by ELISA, as described by Kim et al. (2010) . The protein concentrations of the extracts were determined using a BCA protein assay kit (Pierce).
Purification of miraculin from miraculinaccumulating transgenic tomatoes
Miraculin was purified from the transgenic tomato line 5B. Five grams of the transgenic tomato fruit pericarps were ground into a fine powder using liquid nitrogen; this powder was homogenized in 20 ml of distilled water to wash out soluble proteins and centrifuged at 12,000 rpm for 20 min. The supernatant was discarded, and the pellet was resuspended in an extraction buffer (0.5 M NaCl, 20mM Tris-HCl, pH 7.2). After centrifugation at 12,000 rpm for 20 min, the supernatant was purified using a nickel-immobilized metal-affinity chromatography (IMAC) column (bet volume, 1 ml; HiTrap IMAC HP, GE Healthcare) and an ion exchange chromatography column (bet volume, 1 ml; HiTrap CM FF, GE Healthcare) as described by Narendra et al. (2011) .
Results and discussion
Quality of transgenic tomatoes cultivated under salt stress Salt stress resulted in fruit miniaturization and increased the Brix value and acidity (Cuartero and Fernández-Muñoz 1994) . An approximately 10% reduction in fruit weight occurred following irrigation with 4 to 5 dS m Ϫ1 water; a 30% reduction occurred with 8 dS m
Ϫ1
; and an approximately 40% reduction occurred at higher ECs (De Pascale et al. 2001; Gonzalez-Fernandez and Cuartero 1993) . The Brix value was observed to increase as a function of salt stress, to approximately 8 with an EC of 10 dS m Ϫ1 (Krauss et al. 2006; Saito et al. 2006) . In this study, the WT line and two lines of transgenic tomato that were grown under salt stress were observed to produce fruit. The sizes of the WT and transgenic fruit decreased as a function of increasing salt stress ( Figure  1 ). The characteristics of the tomato fruit produced under salt stress are summarized in Table 1 . Fruit weights and total fruit yields decreased as a function of salt stress in both the WT and the transgenic tomato lines; there were no significant differences in weight and total fruit yield between the WT and two transgenic tomato lines for all of the different salt-stress conditions investigated. . These reductions are almost the same as those observed in previous reports (Saito et al. 2006 ). The total fruit yields of the WT and both transgenic tomato lines were remarkably decreased with EC 10 dS m Ϫ1 due to blossom-end rot. For the WT and both lines of transgenic tomatoes, the proportion of the cpericarp weight (exocarp and mesocarp) to the whole fruit weight was greatest when plants were cultivated with an EC of 5 dS m The pH inside each fruit decreased as a function of increasing salt stress, whereas the Brix value increased as a function of salt stress in the WT and both transgenic lines. There were no significant differences in pericarp weight ratio, pH or Brix values between the WT and either transgenic tomato line for any of the salt-stress conditions. To the best of our knowledge, the present study is the first to report the expression of a foreign gene by a transgenic tomato grown under salt stress.
In conclusion, these results demonstrate that salt stress affects the appearance and quality of the tomato fruit equally in WT and transgenic tomato lines.
Miraculin concentration in transgenic fruit grown under salt-stress conditions
Miraculin was detected in the fruit of 56B and 5B transgenic tomato plants that had been grown under the control condition and the salt stress conditions ( Figure  2 ). The detected miraculin bands were broad because miraculin is a glycoprotein (Theerasilp and Kurihara, 1988) . In Figure 2 , the same amount of fruit matter (1.0 mg) was used for all immunoblot analyses, and the miraculin bands for 56B and 5B tomatoes were more prominent at an EC of 10 dS m Ϫ1 than at lower EC conditions. The miraculin concentrations per FW and the concentrations of total soluble protein per FW in the fruit of the transgenic tomatoes that were grown under salt stress were estimated using an ELISA and a BCA protein assay, respectively. The results for the two lines of transgenic tomato grown under salt stress are presented in Table 2 . The miraculin concentrations were highest for the transgenic tomato lines (282 and 304 mg g Ϫ1 FW for 56B and 5B, respectively) when they were grown with nutrient solution at an EC of 10 dS m
Ϫ1
. The total soluble protein content in the tomato fruit and the miraculin concentration per total soluble protein content differed slightly between the tomatoes grown at an EC of 2 dS m Ϫ1 (control) and those grown at an EC of 5 dS m Ϫ1 , whereas tomatoes grown at an EC of 10 dS m Ϫ1 had the highest miraculin concentrations in both lines 56B and 5B. The miraculin concentration per total soluble protein content, which was estimated using the miraculin concentration per FW and the total soluble protein content per FW, did not differ significantly between the various salt-stress conditions investigated.
The contents of many of the components in tomato fruit, such as sugars, carotenoids, total soluble proteins, ) and salt-stress conditions (EC 5 and 10 dS m Ϫ1 ) were determined using an enzyme-linked immunosorbent assay (ELISA). Data represent the mean Ϯ standard error (nϭ3). Total soluble protein concentrations were determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). b ** and N.S. indicate significance at pϭ0.01 and not significant, respectively. EC, electrical conductivity; FW, fresh weight. ). Miraculin production was estimated from the fruit weight and proportion pericarp weight (%) as shown in Table 1 , and from the miraculin concentration as shown in Table 2 . EC, electrical conductivity. and lycopene, were affected by salt stress (Neily et al. 2011; Saito et al. 2008) . The observed enhancement of some of the aforementioned components was partly because of the enrichment associated with the miniaturization of fruit grown under salt stress. In this study, the miraculin content per FW and the total soluble protein content were increased by salt stress, whereas the miraculin concentration per total soluble protein content was the same under all salt-stress conditions. Therefore, the salt-stress-induced increase in miraculin content per FW was due to an increase in the total soluble protein content. If the increase in miraculin content per FW were due to the salt-stress-induced fruit miniaturization, miraculin production per fruit would not have changed as a result of salt stress. We estimated the average miraculin productivity in the pericarp using the pericarp weight and miraculin concentration per FW, as shown in Figure  3 . Miraculin productivity did not vary significantly between the different salt-stress conditions or between the two transgenic lines. These results indicate that the enrichment in miraculin content per FW was a direct result of the fruit miniaturization effect caused by salt stress.
Purification of miraculin from the transgenic tomato line 5B
We intend to use miraculin-accumulating tomatoes as fresh fruit material and a source of miraculin to be used as a food additive and a research reagent. In order to use miraculin as a food additive and research reagent, we developed a procedure to purify recombinant miraculin from miraculin-accumulating tomatoes (Duhita et al. 2011) . In general, the recovery rate of the purification process depends on the number of purification steps, the concentration of the target protein, and the concentration of inhibitors. In this study, recombinant miraculin was purified from miraculin-accumulating 5B tomatoes grown under salt stress; these results are shown in Table  3 . Prior to purification with a nickel column, the miraculin concentration was determined by ELISA using the supernatant collected after centrifugation during the extraction process. In this supernatant, the highest miraculin concentration was obtained from tomatoes grown at an EC of 2 dS m
Ϫ1
. This result was unexpected because the miraculin content per FW was higher in tomatoes grown at an EC of 10 dS m
. We believe that the decreased miraculin concentration recovered from fruit grown at an EC of 10 dS m Ϫ1 was caused by protein precipitation due to changes in specific characteristics, such as increased sugar and organic acid content, influenced by salt stress. After purification, the miraculin concentration recovered was highest from fruit grown at an EC of 10 dS m
. The recovery rate was calculated by comparing the miraculin concentration in the sample before and after extraction, and it was highest for fruit cultivated at an EC of 10 dS m
, even though the miraculin concentration before purification was lowest at an EC of 10 dS m
. This high recovery rate from tomatoes grown at an EC of 10 dS m Ϫ1 might be the result of a decrease in a substance that inhibits the binding of miraculin to the IMAC column in fruit grown under salt stress. The recovery of purified miraculin per fruit and per plant was estimated based on the purification recovery rate (Table 3) , the miraculin concentration per FW of pericarp (Table 2) , the pericarp weight (Table 1 ) and the total fruit yield ( Table 1 ). The productivity of purified miraculin per fruit and per plant was highest for fruit grown at an EC of 5 dS m
. The higher productivity was found to result from the higher fruit weight and total fruit yield observed at an EC of 5 dS m Ϫ1 compared to an EC of 10, the higher miraculin concentration at an EC of 5 dS m Ϫ1 compared to an EC of 2, and the intermediate recovery ratio.
In this study, we cultivated miraculin-accumulating transgenic tomatoes under salt-stress conditions and demonstrated that the miraculin concentration per FW was increased by salt stress. We also determined that the enhancement in miraculin concentration was caused by the enrichment effect of salt-stress-induced tomato fruit miniaturization, and we demonstrated that highly purified miraculin protein can be extracted from miraculin-enriched transgenic tomatoes. The results presented in this study will direct the future use of recombinant miraculin and future studies involving recombinant protein expression in transgenic tomatoes.
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